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Introduction
Instability of total knee arthroplasty (TKA) causes 20-30% of the implanted knees to be revised Soeno et al., 2018) . Our recent study 48 showed that TKA patients with sub-optimal knee function may still demonstrate asymptomatic 49 knee kinematics, owing to compensatory muscle recruitment patterns (Ardestani et al., 2017) . 50 Abnormal kinetic behavior in response to perturbation, e.g., unbounded joint power can be is overlooked in TKA studies. One explanation can be that any perturbation may damage the 53 prosthetic knee and thus may not be applied due to ethical considerations. Besides, the 54 perturbation, required to evoke the unbounded behavior, might be patient-specific. Bode analysis 55 is a well-documented technique in control engineering (Ogata and Yang, 2002) capable of 56 simulating a perturbation and then qualitatively estimating the perturbed behavior of a system to 57 determine its stability margins, often referred as "Bode margins" . Bode analysis estimates the 58 perturbed behavior of a system based on its unperturbed dynamic (Dorf and Bishop, 2011) , and 59 thus relaxes the necessity of applying an actual perturbation to the system (i.e., the knee joint). 60 Additionally, Bode analysis often simplifies a complex system to a linear function with few inputs 61 and outputs. For instance, the knee joint can be modeled as a linear function with the knee joint 62 kinematics and kinetics as inputs and the knee joint power as output facilitating the estimation of 63 the perturbed knee joint power. Bode analysis was recently used to estimate the perturbed 64 kinematic behavior of unstable knees following anterior-cruciate ligament injury (Morgan et al., 65 2016). 66 The overall objective of this study was to investigate the applicability of Bode analysis to 67 estimate the perturbed knee joint power in TKA patients. We aimed to investigate whether 68 weakened knee joint stabilizers cause abnormal kinematics during walking (hypermobility) and 69 how it can influence the knee joint kinetics (power) in response to larger perturbations beyond 70 level-walking. 71 
Materials and Methods

72
Six TKA patients were obtained from a published repository (Section 2.1). Our previously 73 published musculoskeletal (MSK) model of a typical TKA patient was scaled to each patient 74 (Section 2.2). Two separate versions of MSK models were developed: (i) baseline (BSL) models 75 with intact joint stabilizers (muscles and ligaments) and (ii) weakened (WEAK) models for which 76 the knee muscle strength and ligament force parameter were reduced. For each patient, BSL and 77 WEAK models were simulated with the averaged level-walking gait profile (ground reaction force 78 and marker trajectories) of that patient. Inverse dynamic and Force-dependent kinematic (FDK) 79 analyses were conducted to calculate knee joint kinetics and the secondary knee joint kinematics 80 (A-P displacement and I-E rotation) respectively. This was performed to investigate whether 81 weakened knee joint stabilizers immediately lead to abnormal pattern in the secondary knee joint 82 kinematics (hypermobility). The knee joint kinematics and kinetics from BSL and WEAK models 83 were then imported to Bode analysis to estimate the knee joint power in response to the simulated 84 perturbation (Section 2.3). This was performed to investigate whether weakened joint stabilizers 85 can impact stability margins of the knee joint in response to the perturbation. Figure 1 and revolute knee and ankle joints were modified as follows: The generic geometry of the knee 103 (femoral and tibial components) was replaced with the geometry of the knee implant ( Figure 2 ).
104
Two deformable contact models were defined between the tibial insert and femoral component 
Where F0 is the strength of the muscle at neutral fiber length (Lf ) and contraction velocity (Lˈm) 
where f is the ligament force and S0 is the ligament force parameter, expressed in newton, ɛl is a Toolbox (MATLAB software. 2014b, Chicago, USA).
184
Once the knee joint was formulated, the inputs (motion and moment) were perturbed and the 185 model was recruited to predict the knee joint power (output) in response to the perturbed inputs. were not notably different from BSL MSK models ( Figure 4 and Table 2 ).
216
Note, WEAK models compared to BSL models led to large standard deviations in the knee 217 joint motion. Subset analyses of models showed that only models with the reduction in muscle strength by 30%, or reduction in ligament force parameter by 18% caused recognizable deviation 219 (i.e., more than one std) from BSL models. WEAK models with simultaneous reduction in muscle 220 strength (>24%) and in ligaments force parameter (>15%) led to even larger kinematic deviation 221 from BSL models. In this subset of MSK models, switching the cost function from Min-Max to 222 synergy optimization decreased the kinematic deviations but the kinematics remained marginally 223 significant from BSL models ( Table 2) . Min-Max to synergy optimization decreased the prevalence of negative stability margins from 240 88% to 72% (and from 82% to 78%) in models with reduced strength (and models with reduced 241 ligament force parameter). Yet, the prevalence of negative Bode margins in WEAK models 242 remained notable.
243
Bode analyses of WEAK models with simultaneous reductions of muscle strength and 244 ligament force parameter led to negative stability margins indicating a delayed (P=-97.8±32 (deg)) 245 and unbounded (G= -23.8±14.6 (dB)) power response to perturbation (Figure 5d ). In these models,
246
Bode estimations of the knee power were consistent regardless of the muscle recruitment function; 247 i.e., changing the muscle recruitment function from the Min-Max optimization to the synergy 248 optimization slightly changed the magnitude and the delay in joint power, but WEAK models still 249 showed a delayed power behavior with unbounded magnitude in response to perturbation (see 250 Figure 5 ). Samples of Bode plots are presented in the Appendix. 
Discussion
252
This study recruited Bode analysis to qualitatively estimate the knee joint power in response 253 to a simulated perturbation. We aimed to investigate whether weakness (up to 30%) in the ligament 254 and muscles immediately cause abnormal knee kinematics during level walking (hypermobility) 255 and whether impair the kinetic behavior (power) in response to the larger perturbations. Two 256 different muscle recruitment criteria were also tested to examine whether altered muscle 257 recruitment pattern can mask the influence of weak stabilizers on the knee joint kinematics and 258 kinetics. Results showed that depending on the muscle recruitment pattern, weak knee joint 259 stabilizers may or may not cause excessive joint motions, but it notably affects the knee joint power 260 in response to the perturbation. to perturbation and the present study focused on perturbed kinetic behavior.
274
The knee joint power was studied as the kinetic behavior of interest. The knee joint power 275 integrates the role of both kinematics (dictated by passive constraints such as ligaments) and Furthermore, the knee joint stabilizers (ligaments and muscles) were weakened according to 305 pre-determined thresholds and from a normal probability distribution. These assumptions may not 306 necessarily represent an "unstable knee" but rather an increased likelihood of instability. Note, 307 both BSL and WEAK models were simulated using the same marker trajectory data. Therefore Finally, further investigations are required to provide a one-by-one comparison between the 316 knee joint power, knee joint kinematic and Bode margins in presence of a real perturbation.
317
Questions such as whether Bode margins are negative (or respectively positive) for patients with 318 confirmed knee instability (or for uninjured knee joints) remains unanswered.
319
In summary this study explored the application of Bode analysis to estimate the knee joint 320 power in response to a simulated perturbation. Impairment at the knee joint stabilizers can 321 potentially impair the knee joint power in response to the perturbation regardless of the muscle 322 recruitment pattern.
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Conflict of interest 325 The authors have no financial or non-financial competing interests relevant to this manuscript. . The x axis demonstrates the perturbation, as the frequency of a sudden change in the inputs of knee joint model (i.e., motion and moment). The y axis in amplitude response presents the relative amplitude of knee joint power to the amplitude of perturbation. The y axis in phase response presents the time delay between when the perturbation occurs and when the peak of knee joint power is generated in response to that perturbation. Time delay is expressed in degree as gait is a periodic task and 2ᴫ radian (= 360 deg) is considered as one complete cycle delay. Figure 5 . Comparison of perturbed knee power (calculated from Bode analysis) vs. unperturbed knee power (calculated from inverse-dynamic analysis of level-walking) for BSL models (a), models with weak muscles (b), lax ligaments (c) and models with combined deficits(d). Models with lax ligaments showed a delayed response to perturbation whilst models with weak muscles unbounded power. 
